Purpose Patellar height is an important factor in patellar tracking and alters the force of the patellofemoral joint reaction. Several methods for measuring patellar height ratio have been described, with no single method recognised as a gold standard. This study developed a new measurement method using a distal femoral reference, where the normal values of measurement are unaffected by varying angles of knee flexion. Methods Eighty-five volunteers had radiographs taken of their knees at 0°, 15°, 30°, 45°and 60°of flexion in a supine position. Patellar height was assessed by five different measurement methods: Insall-Salvati (IS), modified InsallSalvati (MIS), Caton-Deschamps (CD), Blackburne-Peel (BP) and our new method. Three independent examiners sequentially conducted all measurements under identical conditions. Results The normal value obtained with the method reported here was 1 ± 0.1standard deviation (SD) (IS 1.1 ± 0.2, MIS 1.8 ± 0.25, CD 1.08 ± 0.2, BP 0.9 ± 0.2). IS and the new method tended to have better reliability in the face of varying knee-flexion angles than did CD, BP or MIS. All methods had good to excellent levels of interobserver variation (IS 0.969, new method 0.811, MIS 0.768, CD 0.735, BP 0.708). Conclusion The new patellar height ratio measurement method proved to be accurate and reproducible for evaluating a normal population. This method offered the benefit of using the distal femur as a reference landmark, and, thus, the resulting measurements were not altered by varying degrees of knee flexion.
Introduction
The patellofemoral joint plays an important role in the knee's extensor mechanism. The patella acts as the lever arm in extensor arc motion and improves quadriceps strength by 30-50% [17] . Patella height alters the joint reaction force of the patellofemoral joint. Patella alta (a high-riding patella) is a condition associated with patellofemoral malalignment and a reduced area of patellofemoral contact, leading to patellofemoral pain or instability [8, 11, 14, 24] . Patella baja (a lowriding patella) is associated with limited knee range of motion (ROM), Osgood-Schlatter disease and patellofemoral arthritis [1] . Several patellar height-measurement methods have been described: Blumensaat [6] , InsallSalvati (IS) [14] , modified Insall-Salvati (MIS) [12] , Blackburne-Peel (BP) [5] , Caton-Deschamps (CD) [7] , De Carvalho (12) and Koshino (13) . However, there is no consensus regarding the superiority of any one of these methods [2, 10, 22] . Most are based on the ratio of patellar length to the distance of the patella from the tibial reference point [5, 7, 9, 12, 14, 20] . Actually, the patellofemoral joint is defined by the patella's position relative to the distal femur. Therefore, it would be meaningful to use the distal femur as the reference point for measuring patellar height [23] . However, most methods that do use a distal femoral reference point, e.g. Blumensaat [6] , Bernageau et al. [3] , Biedert and Albrecht [4] , are disadvantaged by the significant differences in the normal ratios they obtain at varying angles of knee flexion. Because measurement accuracy depends on the specific angle of knee flexion, these methods are not widely used clinically.
In this study, we developed a new patellar height ratio measurement method using the distal femur as a reference point. The principal aim was to validate the accuracy and reproducibility of the method. The secondary objective was to assess the influence of knee flexion angles on several previous methods of patellar height-measurement ratio. We hypothesised that the normal values of the new measurement method would be unaffected by varying degrees of knee-flexion angle.
Materials and methods
Eighty-five volunteers were recruited from the healthy population. Inclusion criteria for the study were: skeletal maturity (ranging in age from 20 to 45 years); no history of chronic knee pain, patellar instability, knee deformity, crystal-induced or rheumatoid arthritis and no past infection of the knee joint. All volunteers underwent lateral radiographs of their knees at 0°, 15°, 30°, 45°, and 60°of flexion in the supine position and with no quadriceps contraction. Each knee-flexion angle was standardised using a customised adjustable knee support frame to position the seated individual's leg. A goniometric ruler with a radiopaque iron bar was attached to an X-ray board and used to guide volunteers' knee flexion at each angle (Fig. 1) . The greater trochanter, lateral femoral condyle and lateral malleolus were used as reference points when aligning the goniometric ruler. Volunteers were then asked to relax their knees to eliminate quadricep contraction. After fluoroscopy, we checked radiograph quality for control accuracy of the kneeflexion angle and condyle rotation, not to overlap more than three millimetres. If the quality of either radiograph was unacceptable, the procedure was repeated. All radiographs were recorded by a digital system.
The new method we developed determines the ratio of the distance from the posterior angle of the intercondylar roof to the tibial tubercle, with the distance from the midpoint of the patellar articular facet to the tibial tubercle (Fig. 2) . Patellar height was measured by five methods: IS [14] , MIS [12] , CD [7] , BP [5] and our measurement method (Fig. 3) . Three independent examiners (all orthopaedic residents) conducted these measurements sequentially and under identical conditions for each volunteer. All examiners used the digital radiograph system for measuring patellar height ratios. Each examiner was blinded with regard to each volunteer's data and results of other examiners.
Statistical analysis
Normal values for patellar height ratios were described by mean ± standard deviation (SD). Variation in the values delivered by the different methods at varying angles of knee flexion was compared using one-way analysis of variance (ANOVA). Intra-and interobserver reliability were assessed with intraclass correlation coefficient (ICC) at a 95% confidence interval (CI).
Results
Eighty-five volunteers [42 men, 43 women; mean age 32 (range 22-44) years] participated in our study . Normal values for each method of measuring the patellar height ratio (mean ± SD) for overall knee flexion angles (0°, 15°, 30°, 45°, 60°) were: 1 ± 0.1 (new method), 1.1 ± 0.2 (IS), 1.8 ± 2.5 (MIS), 1.08 ± 0.2 (CD) and 0.9 ± 0.2 (BP). Normal values found at different knee-flexion angles were slightly different for each measurement method (Table 1) . ANOVA showed no statistically significant difference between methods; however, the CD method tended to have the most variable results (4,400 = 1.925, p=0.106) when compared with other methods (Table 2) . At 0°of flexion, the MIS and BP approaches had lower normal values (1.75 ± 0.25 and 0.87 ± 0.2, respectively) than at other degrees of flexion. The CD method resulted in high normal values (1.12 ± 0.2) at 0°of flexion, which then decreased gradually as the angle of knee flexion increased, ending up with normal values of 1.0 ± 0.2 at 60°of flexion. In contrast, normal values given by the IS and our new method stayed constant at all knee-flexion angles.
These data indicate that the five methods show no significant difference in normal values when used between 0°and 60°of knee flexion. The IS and our novel method delivered the most reliable results. CD produced the most variable results, suggesting that its normal values are particularly affected by the different degrees of knee flexion: CD normal values were high at 0°of flexion and decreased conversely to the angle of knee flexion. The MIS and BP methods resulted in lower normal values at 0°of flexion. Interobserver variation for the five methods, as analysed by the intraclass correlation coefficient (ICC) with a 95% CI had good to excellent reliability ( Table 3 ). The IS method had the best results (95% CI>0.9). Our new method obtained excellent reliability (>0.8). The MIS, BP and CD methods had good to excellent reliability (0.7-0.8) but lower 95% CI (0.6-0.8) than the former two methods (0.7-0.9).
Discussion
Patellar height measurement is a valuable clinical tool for screening, diagnosing and planning treatment for many knee conditions. Several methods of measuring patellar height have been proposed, but no single method has yet been accepted as a gold standard [2, 10, 22] . Significantly, many studies have been unable to verify a correlation between abnormal patellar height and clinical symptoms [13, 15, 18, 19, 24] . Most existing measurement methods use lateral radiographs with the knee in varying degrees of flexion and calculate patellar height as an index ratio involving the patella's distance from different particular landmarks. Patellar height-measurement reference methods can be categorised into two groups: (1) nondistal femoral and (2) distal femoral. Of the two approaches, nondistal methods are more widely reported in the literature and in research studies. These methods measure the ratio of the distance from the tibia reference landmark to the patella and the length of either the patella or the articular surface. The four most well-known methods are the IS [14] , MIS [12] , BP [5] and CD [7] . Most orthopaedic surgeons are familiar with these methods in clinical practice. The advantages of these methods are that it is easy to find the reference landmark on plain film, and normal values are relatively independent of variations in knee-flexion angle. However, they all have the same disadvantage: they do not represent the true relation of patellofemoral articulation but measure the position of the patella relative to the tibia. In theory, patellar height ratio measurement using a distal femoral reference point should be the ideal method for studying patellofemoral articulation. The important consideration for this reference point is that the distal femur rolls and glides throughout the knee's range of motion. Thus, it is difficult to find a single landmark to use for a range of different knee angles. Most existing methods can be used only at specific angles of knee flexion. Thus, such measurement methods are thought to be inaccurate and are not widely used in recent studies. In 1938, Blumensaat [6] described a measurement method that used a line projected from the intercondylar notch. In a normal state, the line should fall on or just above the lower pole of the patella. However, this method can be used only at precisely 30°of knee flexion. Koshino et al. [16] described an epiphyseal line method to calculate a ratio between the distance from the centre of the patella to the epiphyseal midpoint line in the proximal tibia and the distance between the distal femur and the proximal tibia. The average ratio for this method is 1.31 ± 0.9 at full extension, and it gradually decreases to 0.99 ± 0.06 at 90°o f flexion. This is a popular method used for children with a remaining epiphyseal line, and many studies using this method have found strong correlations between patellar height and clinical symptoms or pathology in children. However, the method cannot be used accurately in patients who have reached skeletal maturity, and its normal values still vary by knee-flexion angle. Most recently, Biedert and Albrecht [4] proposed a method called patellotrochlear index, which is performed using magnetic resonance imaging (MRI) at 0°of knee flexion. The authors claim the method can exactly measure true patellotrochlear articular congruence and eliminate errors induced by osseous variation in the patella. Although useful, MRI is not always available for routine use in clinical practice, and the requirement of 0°knee flexion cannot be met by many patients with knee-flexion contracture. To the best of our knowledge, those authors summarised the ideal characteristics of a patellar height measurement, including:
1. using a distal femoral reference point to represent true patellofemoral articulation; 2. maintaining accuracy in the face of varying degrees of knee flexion; 3. having a simple value of normal ratio that is easy to remember and calculate; 4. good intra-and interobserver variation; 5. ability to be measured with routine lateral radiographs, which lead to greater ease of screening and diagnosis; 6. high levels of correlation with clinical symptoms and knee pathology. However, at this time, there is no single available method that meets all of these criteria.
In the study reported here, we propose a new method of measuring the patellar height ratio that uses a distal femoral reference point. Analysing lateral radiographs taken at 0°, 15°, 30°, 45°and 60°of knee flexion, we compared the results of our method with those of the four most popular existing methods. The resulting normal value for our method was 1 ± 0.1. This normal value is very easy to remember and to calculate. When analysing radiographs taken at different flexion angles, our novel method showed good accuracy in the range of 0-60°flexion. The distal femoral reference point at the posterior angle of the intercondylar roof is closely related to the knee's centre of rotation axis. This means our method is unaffected by varying degrees of flexion. The CD [11] method tends to find higher normal values at 0°of flexion and decreases as the degree of knee flexion increases. The MIS [12] and BP [5] methods find lower normal values at 0°of flexion. From the results of our study, evaluation of patellar height-measurement ratio at full knee extension without quadriceps contraction can be influenced by patellar tendon laxity. To avoid this factor, a little knee flexion at 10°to create tension of mechanical extensor apparatus is recommended. We emphasise these differences only for the purpose of added caution in clinical practice; however, we found differences between methods at varying degrees of knee flexion were not statistically significant.
Levels of interobserver variation, as measured by ICC, were good to excellent for all measurement methods. Our findings were better than those in previous studies [21, 22] . This was a prospective study in which all volunteers were recruited and underwent radiographic examination under identical conditions. All radiographs were taken with the same digital radiographic system, which was intended to reduce the chances of equipment error. All processes used led this study to be well standardised and created minimal interobserver variation.
In conclusion, our proposed novel patellar height-ratio measurement index is an accurate and promising method for evaluating patellar height in the normal population. This method has the benefits of using a distal femoral reference point and of giving consistent results during varying degrees of knee flexion. Furthermore, its normal value is easy to remember, and it has high interobserver reproducibility.
